SUMMARY: The Lake Maracaibo estuarine system is a cooscillating coupled ocean-lake system connected through a partially mixed estuary. In this paper we examine the low frequency movements (ω < 0.1 cycles/day) in the different water bodies within this system. The harmonic and rotary spectral analyses of velocity data indicates the importance of tidal forcing within the whole system and its interaction with winds and fresh water discharge. In particular, the results indicate the existence of dominant semi-monthly oscillations in Lake Maracaibo, likely of non-linear tidal origin, and suggest that vertical stratificaction plays an important role in controlling the three-dimensional structure of tidal currents.
INTRODUCTION
Any dynamical study of an estuarine system has to include both current and density distributions, simply because they are deeply interconnected. The relative forcing of river discharge and tidal range, together with the effect of winds, waves, and the geomorphology of the basin, will determine the level of vertical and horizontal stratification. In particular, stratification will be modified as the tidal current changes its strength through an individual tidal cycle or the neap-spring cycle, either by differential horizontal advection or through shear-induced mixing. This results in a rapid response of the estuarine system and makes it difficult to assess the principal factors responsible for the observed density and current distributions with limited data sets. The existing stratification, on the other hand, will shape the instantaneous and mean currents. Stratification will enhance lateral advection but reduce vertical exchange. With strong vertical stratification, for example, the upper and lower layers may be rather uncoupled, the tidal wave having quite different amplitudes and phases.
Furthermore, tidal propagation is a highly nonlinear phenomenon, which results in higher harmonics and residual currents with pronounced spatial gradients. The effect of a non-linear mechanism on tidal constituents is to cause a modulation and/or distortion of these constituents, and to contribute towards a non-zero residual (zero-frequency) circulation (Parker, 1991) . The important role of such a residual circulation in the net salt and sediment transport, as well as in pollutant flushing, within the ALONSO and J. ARÍSTEGUI (eds.) Tidal currents and mixing in the Lake Maracaibo estuarine system* ANA M. ANTORANZ 1 , J.L. PELEGRÍ 1 and P. MASCIÁNGIOLI estuary, demands an accurate description of the tidal circulation in estuaries (LeBlond, 1991) . The circulation-stratification feedback mechanism takes place in many different interacting ways, making the overall picture difficult to grasp and changing this picture from one estuary to another. The biological and chemical consequences of this interaction are, however, important. A stable density gradient may increase the horizontal dispersion and contribute to the entrance of salt, nutrients and pollutants into the estuary. Periodic and episodic vertical homogeneity is responsible for the replenishment of nutrients in the surface water, and oxygen in bottom waters, but may reduce the entrance of salt water. A subsequent period of stratification in a shallow water column may then lead to anoxic conditions, determining the vertical transfer of heat and light.
In this work we examine the propagation and modification of the tide through the Lake Maracaibo estuarine system, in particular investigating the spatial variations in the phase and amplitude of tidal currents as the estuary widens and the degree of stratification changes. It appears that the tide is greatly modified throughout the estuary, mainly because of the way the different constituents resonate with the different basins composing the system, but also because of the creation of higher tidal harmonics.
The Lake Maracaibo estuarine system
This is a coupled ocean-lake system connected through a partially mixed estuary, located on the Caribbean coast of Venezuela. The dynamic characteristics of this estuarine system result from the motion and interaction of sea and fresh water in its different water bodies: gulf, bay, strait, lake, and rivers ( Fig. 1) . The Gulf of Venezuela communicates at its southern boundary with El Tablazo Bay through three narrow inlets. El Tablazo Bay is a broad shallow embayment enclosed by barrier bars and islands and connected with the Strait of Maracaibo. El Tablazo Bay and the Strait of Maracaibo form a typical partially mixed estuary. The Lake of Maracaibo, a salt stratified water body, is located at the southern end of the Strait of Maracaibo. A navigation channel, that reaches depths of 15 m, crosses the system from the Gulf to the Lake.
The circulation in the estuarine system is controlled by the conjunction of wind, river discharge, and tidal forcing. In this work we have concentrated on tidal forcing and its interaction with other processes. Tides are important in this system, being responsible for current reversals and salt-water intrusions. In particular, it is through tidal action that salt water enters El Tablazo Bay and the Strait of Maracaibo, where it mixes with the outflowing lake water. The resulting brackish mixture enters the lake at its northern end, and flows down along the bottom to form a saline hypolimnion (lower layer). The two-layer system is stirred up, with salt being transported up into the epilimnion (upper layer). The water of the epilimnion has a mean cyclonic circulation, with surface water escaping from the lake along the eastern shore. The relative importance of the forces responsible for the generation of the cyclonic circulation is not yet well known.
The precipitation on the Lake Maracaibo basin presents maximum values in October/November and April/May, and minimum values in February/March and July/August. The October/November maximum is greater than the April/May, while the February/March minimum is much lower than the July/August minimum. The surface water flows out along the Strait of Maracaibo and through El Tablazo Bay with velocities related to recent rainfall over the drainage basin, mixing with salt water introduced by tidal action from the Gulf of Venezuela.
The wind variability in the estuarine system depends on the northeastern trade winds and sealand breezes. The trade winds blow all year in this area, being more intense during the December-April period. The sea-land breezes present diurnal oscillations and predominate when the trade winds are less intense between May and November.
Tidal forcing in the Lake Maracaibo estuarine system
Tides in the Caribbean Sea are of mixed-diurnal type. The semi-diurnal tides, however, resonate in the Gulf of Venezuela because of its dimensions, and become dominant in the southern corner of the Gulf of Venezuela, within El Tablazo Bay, and in the Strait of Maracaibo. In Lake Maracaibo, because of its dimensions, the diurnal constituents again prevail. Thus, a major characteristic of the Lake Maracaibo estuarine system is that the tidal regime changes from mixed diurnal to semi-diurnal in its northern portion, to mainly semi-diurnal in its central region, and to diurnal in its southern extreme (Redfield et al., 1955; Redfield, 1961; Molines et al., 1989 ). Redfield's (1961) and Molines and Fornerino's (1985) analyses for the semi-diurnal constituents show the existence of a nodal line in the northern end of the Lake, near La Salina, while an antinode is present in the central portion of El Tablazo Bay. The diurnal constituents have a node concurrent with the semi-diurnal antinode found in El Tablazo Bay. Tidal amplitudes within Lake Maracaibo are less than 3 cm at various frequency bands. Non-linear interaction in the Bay and the Strait, however, generates small but measurable overtides in the third and fourth diurnal bands, which have received little attention to date (Lynch et al., 1990) .
OBSERVATIONS AND METHODS
During the 1980s and 1990s INTEVEP (Research and Development Center of Petróleos de Venezuela, S.A.) made a number of measurements and deployed current meter arrays at stations situated along the estuarine system. In this paper we analyze two different types of data set. First, the density data of two transects along the estuary, taken from El Tablazo Bay to the southern end of the Strait of Maracaibo during flood and ebb tide conditions. Second, the current meter data recorded at several stations during both high and low lake-runoff conditions. Specifically, we examine the current data from two stations in the Gulf of Venezuela, three stations along the main stem of the Strait, three stations across the entrance to Lake Maracaibo, and two stations in Lake Maracaibo. The location of the stations is shown in Figure 1 , and the instrument and water bottom depths are given in Table 1 .
Hourly water velocity were obtained from 10 minutes average Aanderaa rotor current meter data. The data were harmonically analysed using a leastsquares technique. To investigate the structure of the tidal currents it is advantageous to use the clockwise and anticlockwise rotary components. This form of counter rotating vectors is basic to calculate the ellipse characteristics: semi-major (M) and semiminor (m) axes, phase and orientation of the semimajor axis, and ellipticity (m/M). Ellipticity values range between 1 for anticlockwise rotation and -1 for clockwise rotation, with a zero value for linear currents. The orientation is measured anticlockwise from the east, a negative semi-minor axis indicating clockwise rotation. The number of constituents that may be found with the harmonic analysis depends on the length of the time series. The records from MJ, CB, IP, BJ, MG and LO stations are at least 26 days duration allowing the resolution of the neighboring tidal constituents M 2 , S 2 , K 1 , and O 1 , as well as upper harmonics constituents. However, the records from stations A, B, C and F are three days long, which only allows identification of the principal diurnal and semi-diurnal constituents. The results indicate high spatial variability of the tidal ellipses, both for the principal semi-diurnal/diurnal constituents and for the major non-linear constituents.
The high variability of the tidal ellipses led us to carry out a rotary analysis to examine the shape of the tidal ellipses and the tidal frequency energy distribution. The rotary analysis of currents involves the separation of the velocity vector for a specified frequency, ω, into clockwise and anticlockwise rotating circular components with amplitudes A − y A + and relative phases θ − , θ + , respectively. Thus, instead of dealing with the amplitudes and phases of two Cartesian components we deal with the amplitudes and phases of two circular components (A
. The addition vector of these two oppositely rotating circular vectors causes the tip of the combined vector to trace out an ellipse over one complete cycle. The eccentricity of the ellipse, e, is determined by the relative amplitudes of the two components. Motions at frequency ω are circularly polarized if one of the two components is zero, rectilinear if both circularly polarized components have the same magnitude. The analysis of a current vector series in terms of two counter rotating vectors also provides information on some of the ellipse characteristics, such as the size of the semi-major and semi-minor axes, and the phase and orientation of the semi-major axis.
One important advantage of the rotary analysis is that many of the rotary properties, such as spectral energy, S -(ω) and S + (ω), and rotary coefficient, r(ω), are invariant under coordinate rotation, so are not affected by local steering of currents or by the local geomorphology. The sense of rotation of the vector about the ellipse is given by the rotary coefficient values of the rotary coefficient range from r = -1, clockwise motion, to r = +1, anticlockwise motion, with r = 0 corresponding to unidirectional flow.
RESULTS
Several studies carried out in the Lake Maracaibo estuarine system indicate that the tide and tidal currents have high spatial (Redfield et al., 1955; Sutton et al., 1974; Parra-Pardi, 1983 ) and temporal variability (Masciangioli et al., 1984; Pelegrí et al., 1986 Pelegrí et al., , 1987 Pelegrí et al., , 1988 . So far, however, most of the previously reported efforts have investigated the patterns of variation of the tidal elevation. Here we have compiled and analyzed current series from 10 stations in order to describe the main characteristics of the tidal currents and to identify the relative importance of tidal movements on the stratification and residual circulation r w S w S w S w S w within the estuary. The residual current is the nontidal part of the current, caused by processes different than the tidal force or tidal interactions in shallow water. The tidal regime is commonly expressed in terms of a form factor, which quantifies the relative importance of the diurnal (K 1 , O 1 ) and semi-diurnal (M 2 , S 2 ) tidal constituents. Table 2 shows such a form factor for the major axis of the tidal ellipse as obtained from each station. The tidal currents change from mixed diurnal and semi-diurnal, when entering the system at its northern tip, to mainly semi-diurnal in its middle portion, and diurnal in the southern regions.
Three dimensional current structure
The vertical current structure was studied in February 1990 (dry season) with current meters simultaneously deployed at four moorings: A, B, C and F (Fig. 1 ). There were three moorings located across the entrance to Lake Maracaibo with one current meter in station A (4 m) and two current meters in both stations B (4, 7 m) and C (4, 9.5 m). At all depths the current presents a northwesternsoutheastern oscillation, with the intensity of the oscillation decreasing with depth and its orientation turning East-West. In station F (4 m) further north, about 10 km away, the oscillation is mainly North-South, entirely following the orientation of the main channel. Table 3 summarizes the ellipse parameters of the principal tidal constituent, M 2 , as obtained from the harmonic analysis of the data. For this constituent the ellipse rotation is clockwise at stations A and F, at 4 m depth, and at station B, at 7 m depth. Nevertheless, it is anticlockwise in station B, at 4 m depth, and in station C, at 4 and 9.5 m depths. In all cases, however, the tidal semi-diurnal ellipses show weak rotation (0.002<ε<0.025, anticlockwise; -0.076<ε<-0.050, clockwise). These small ellipticity values indicate an unidirectional character of the currents, typical of a cooscillating tide.
The magnitude of the tidal ellipses in stations B, C, and F, at 4 m depth, varies between 42.1 and 48.6 cm/s. In station A, located in very shallow waters, the ellipses are over 20% larger. The magnitude of the tidal ellipse decreases with depth at all stations. The surface current is slightly out of phase in stations A, B, and C: 58.9º, 72.6º, and 68.2º, respectively. At one single location the phase of the current changes slightly with depth: 72.6º at 4 m, 67.9º at 7 m (station B); 68.2º at 4 m, 61.4º at 9.5 m (station C). Likewise, the orientation of the tidal ellipse, as measured in degrees anticlockwise from the East, changes slightly between different stations and depths. These results are likely due to the different water response at each position, which is related to the local vertical and horizontal density stratification.
The rotary spectral analysis of current data from all stations shows that the semi-diurnal band is the most energetic. For example, at 4 m depth at sta-TIDAL CURRENTS AND MIXING 159 TABLE 3. -Tidal ellipse characteristics of the M 2 semi-diurnal constituent at stations A, B, C, and F (February 21 to 23, 1990) . The ellipticity ranges from -1, clockwise rotation, to 1, anticlockwise rotation: -1 < ε < 1. The angle of orientation is measured anticlockwise from the east. tion C the contribution of the semi-diurnal band is 85.1% and the contribution of the diurnal band is 9.3%. The stability of the ellipse semi-major axis is very high for the semi-diurnal band (Table 4 ). The length of the time series at stations A, B, C, and F, however, is too short to examine the energy contained at lower frequencies. The analysis will be done below for station BJ (Table 5 ) which is located near these stations. Table 4 shows the ellipse parameters and the rotation coefficient in the spectral semi-diurnal band (0.0833 cph). The results illustrate a dominant semidiurnal current (69 to 85%), with a minor energetic diurnal constituent (5 to 18%). The rotary coefficient illustrates the same behavior as derived from the ellipticity obtained using the harmonic analysis. The ellipse orientation and the semi-major/semiminor axes for the semi-diurnal spectral band have very similar values to those obtained for the M 2 constituent in the harmonic analysis. Both results confirm the influence of stratification on the threedimensional current structure.
Impact of tidal motion on residual circulation and mixing
The transport of salt, nutrients, and pollutants from Maracaibo Strait to Lake Maracaibo must be closely related to the development and decay of stratification within the estuary. The stratification itself is controlled by winds and tides (short term), and by fresh water discharge within the basin (long term), in what is certainly a rather complex interactive process. Table 5 summarizes the results of the harmonic analysis for several stations within the estuarine system, for periods of different precipitation in the basin.
The stations in the Gulf of Venezuela (stations MJ and CB) present mixed semi-diurnal tidal currents. The diurnal and semi-diurnal constituents increase southwards, from the entrance to the Gulf of Venezuela (station MJ) to El Tablazo Bay (station IP). In the southern tip of the Gulf (station CB), as well as in El Tablazo Bay and the Strait of Maracaibo (station BJ), the residual current is relatively small as compared with the tidal current. The stations in Lake Maracaibo present mixed diurnal tidal currents but the diurnal and semi-diurnal oscillations are very small. A considerably large semimonthly oscillation is present in the estuarine system. This oscillation has no direct astronomical origin, being very likely caused by non-linear tidal interaction. Figure 2 shows the results of the spectral analysis for stations IP and BJ during two similar periods, illustrating the dominance of the semi-diurnal current. This figure also illustrates how the spectrum changes at IP from March to June. In March the semi-diurnal band is more energetic, whereas in June the diurnal band dominates. This may be related to the reduction of the trade winds during the May-November period and the consequent predominance of the sea-land breezes, making it logical to expect that the dynamic response of the water body will be at this frequency. Figure 3 presents two density sections across the navigation channel (mean depth 13 m) between El Tablazo Bay (station T41) and the southern end of the Strait of Maracaibo (station B94) from north to south (Figure 1) , during ebb tide and flood tide conditions. The conductivity, temperature and currents were recorded at 4, 7 and 9 meters depth at nine stations separated by some 5 to 8 km. From these sections it seems clear that there is significant longitudinal water advection with the tide, such that by the 160 A.M. ANTORANZ et al. end of the ebbing water the density has decreased considerably in El Tablazo Bay. Another characteristic is the existence of a wedge of relatively dense water that appears at the northern position after the flooding tide and probably propagates along the navigation channel in the Maracaibo Strait. Tidal straining caused by shear in the velocity profile leads to the large variation in stratification during the tidal cycle: for example, current velocities in station T49 are 54, 41 and 19 cm/s during the ebb tide, and 16, 11 and 7 cm/s during the flood tide, from top to bottom. The surface water travels faster, and makes a longer trajectory, than the near-bed water. On the ebb tide relatively fresh water in the upper portion of the water column has a northward differential displacement and stratification increases. On the flood tide the differential movement will tend to diminish the stratification. Tidal straining can thus be a main control on the strength of the stratification through differential buoyancy input. Figure 3 also suggests the possibility of periodic mixing within the Strait of Maracaibo. Such periodic destratification would modify the tidal ellipses, as we observed at stations A, B, C and F, and reduce the water exchange with Lake Maracaibo. Since instability and mixing is proportional to the square of the velocity difference between both layers, we may expect that the tidal oscillation, in conjunction with river discharge, will be the principal factor responsible for vertical mixing.
The surface current at station MG, in the southeastern portion of the Lake, flows to the north-northeast (Fig. 4) , while the surface current at station LO, near the center of Lake Maracaibo, flows west-southwest (Fig. 5) . The representation of the North-South and East-West components in a scatter plot confirms the anticlockwise circulation model proposed for the lake (Redfield et al., 1955) . The temporal series at both stations show long period oscillations. The results of the harmonic analysis at these stations (Table 5 ) confirm the relative importance of the fortnightly Msf constituent, this being higher at LO than at MG.
The character of the semi-monthly oscillations in the lake, likely of non-linear tidal origin, is shown by the current velocity time series recorded at several depths at station LO, during the dry season (Fig.   6 ). The oscillations at the surface and at 10 m depth have almost the same amplitude and are in phase. At 20 m depth the oscillations are somewhat damped, but remain in phase with the surface movements. The regularity of this oscillation suggests a tidal rather than a meteorological origin.
We have employed the rotary spectral analysis of surface current data from the Lake to examine the possible importance of non-linear higher harmonics or other factors. Figure 7 shows the rotary spectra (clockwise and anticlockwise contributions) at stations LO, near the center of the lake, and MG, located at the southeastern zone. Both S -and S + are plotted as functions of frequency magnitude, ⏐f⏐ ≥0, with solid and dashed lines corresponding to the clockwise and anticlockwise spectra, respectively. The semi-diurnal and diurnal periods are predominantly clockwise at both stations. The results illus- trate the existence of a near-inertial peak in the clockwise spectra at both stations. The observed periods are higher than the local theoretical inertial period, approximately 69 hours (0.0145 cph), at station LO (0.0133 cph) and lower in MG station (0.0178 cph). There are many possible ways in which the period of inertial movements may be modified. The observed inertial period may be affected by the presence of stratification, the process of wave propagation, or the existence of horizontal velocity gradients (Gonella, 1971) . The energy at the near-inertial band is somewhat smaller near the Lake shore because of the inhibition of inertial currents at the boundary. The results also point to the importance of the semi-monthly oscillation, Msf, principally clockwise at LO and anticlockwise at MG. The large amplitude of the semi-monthly constituent at LO may be influenced by stratification caused by fresh water discharge into the system. The isolated peak at the frequency 0.0067 cph (149 hours) in station MG could perhaps be a Kelvin type wave, similar to the basin scale motion described by Saggio and Imberger (1998) for Lake Biwa. Pelegrí et al., 1986) .
CONCLUSIONS
The analysis of current time series shows that the tide, and its interactions with other phenomena such as winds and fresh water discharge, is the dominant source of current variability in the Lake Maracaibo estuarine system. This variability controls the entrance of salt water to the Lake and provides a mechanism for periodic exchange within the water column. The results indicate that water mass exchange may be associated with different time scales: semi-diurnal, diurnal, and longer periods, such as semi-monthly and monthly.
Tidal oscillation is the main factor responsible for periodic stratification and mixing within the Strait of Maracaibo. The spatial stratification and its short-term variability plays a role in the resulting tidal ellipses, in particular making the surface and bottom layers rather uncoupled. This situation may be particularly evident during some phases of the semi-monthly spring-neap cycle, probably because of the relation of mixing and the intensity of tidal currents.
Non-linear interactions appear to be very important within Lake Maracaibo, and may be responsible for the generation of residual currents. The semimonthly oscillation in Lake Maracaibo could be due to the interaction between the incoming tide and the outgoing fresh water flow, in the fashion suggested by Godin (1991) as a barotropic non-linear interaction; or a baroclinic non-linear interaction where density variations are important. In Lake Maracaibo other motions such as inertial and Kelvin type movements may also be present.
Although the general circulation in the Lake Maracaibo estuarine system is rather well known, the small-scale processes that determinate the mass exchange at the entrance to the Lake and into the hypolimnion demand a more accurate description. The dynamics of this enclosed system is rather unique, with water bodies interacting among themselves and responding to external forcing, suggesting a nearly ideal laboratory to study many different physical processes.
